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ABSTRACT 

All welding processes can give rise to defects that will weaken the joint and 
can lead to failure of the welded structure. Because of this, non-destructive 
testing (NDT) of welds have become increasingly important to ensure the 
structural integrity when the material becomes thinner and stronger and welds 
become smaller; all to reduce weight in order to save material and reduce 
emissions due to lighter constructions.  

Several NDT methods exists for testing welds and they all have their 
advantages and disadvantages when it comes to the types and sizes of defects 
that are detectable, but also in the ability to automate the method. Several 
methods were compared using common weld defects to determine which 
method or methods were best suited for automated NDT of welds. The 
methods compared were radiography, phased array ultrasound, eddy current, 
thermography and shearography. Phased array ultrasound was deemed most 
suitable for detecting the weld defects used in the comparison and for 
automation and was therefore chosen to be used in the continuation of this 
work. Thermography was shown to be useful for detecting surface defects; 
something not easily detected using ultrasound. A combination of these 
techniques will be able to find most weld defects of interest.  

Automation of NDT can be split into two separate areas; mechanisation of the 
testing and automation of the analysis, both presenting their own difficulties. 
The problem of mechanising the testing has been solved for simple geometries 
but for more general welds it will require a more advance system using an 
industrial robot or similar. Automation of the analysis of phased array 
ultrasound data consists of detection, sizing, positioning and classification of 
defects. There are several problems to solve before a completely automatic 
analysis can be made, including positioning of the data, improving signal 
quality, segmenting the images and classifying the defects. As a step on the 
way towards positioning of the data, and thereby easing the analysis, the phase 
of the signal was studied. It was shown that the phase can be used for finding 
corners in the image and will also improve the ability to position the corner as 
compared to using the amplitude of the signal. Further work will have to be 
done to improve the signal in order to reliably analyse the data automatically. 





 

THESIS 

This thesis consists of a summary and the following two papers: 
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1.  BACKGROUND 

Welding is a process that is of great importance when it comes to joining 
metals. When two metal plates are welded together they are most often 
melted in the joint. The liquids then mix and when they solidify during 
cooling they form a strong joint; in some cases additional material is added, so 
called filler material. Due to the harsh environment during the welding 
process, that includes high temperatures, flowing metals, rapid cool down, 
gases and often plasma it is not uncommon that discontinuities forms in the 
weld. If the discontinuity is of the severity that it could affect the weld in a 
negative way according to the design parameter, it is designated a defect. 
Since defects are by definition unwanted, several non-destructive testing 
(NDT) techniques have been invented to detect defects of different types. It is 
a well-known fact that all NDT techniques have their limitations when it 
comes to detecting different types of defects and the method(s) used is 
therefore usually chosen with the expected defects in mind. Due to a move 
towards thinner and lighter constructions it is increasingly important for welds 
to be defect free. To be certain the constructions need to be tested to an 
increased extent. For reasons including speed, cost and reliability when 
compared to manual inspection, automatic inspection of weld quality has 
become an important issue in order to ensure high quality and low 
manufacturing costs of welded products. 
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2. WELDING AND WELD DEFECTS 

Presented here are welding processes, joint types and weld defects that are of 
importance for this work. Only continuous welds and the accompanying 
defects are considered here. Spot welds are left out. 

2.1 Welding 
Welding is a process that is used for joining materials such as metals. It is 
usually accomplished by melting the materials so that the mixture, when it 
solidifies, forms a joint. There are several welding processes in use today and 
they differ by their use of different heat sources, different ways of shielding the 
molten metal and the supply of filler material (or lack thereof). The metal 
most often joint by welding is steel but other metals and alloys such as 
aluminium, stainless steel, titanium, Inconel and copper are commonly joined 
by welding. Which welding process is used will depend on the material, 
thickness, speed requirements, material geometries and cost limitations. The 
welding processes used during this work are presented in brief below. 

2.1.1 Arc Welding 
Arc welding is a group of welding processes that uses a high electric current to 
create a plasma arc between an electrode and the work piece. There are 
several different arc welding processes including Gas Metal Arc Welding 
(GMAW), Gas Tungsten Arc Welding (GTAW), Shielded Metal Arc 
Welding (SMAW) and Submerged Arc Welding (SAW) [1]. The ones of 
interest in this work are GMAW used in Paper A and GTAW because it can 
create a type of defect that will be discussed later. 

Gas Metal Arc Welding uses high currents flowing through a consumable 
electrode to the base material to create plasma. This plasma melts the electrode 
that is continuously and automatically fed into the plasma. The molten metal 
is protected from harmful gases in the air by a shield of gas that is supplied 
alongside the metal electrode. The two main subgroups are Metal Inert Gas 
(MIG) and Metal Active Gas (MAG) that differ by the use of different types of 
shielding gas [2]. 

Gas Tungsten Arc Welding, also known as Tungsten Inert Gas (TIG), uses, 
just as gas metal arc welding, a high current to create a plasma. The difference 
is that the electrode is made out of tungsten and is not consumed in the 
process. The inert gas used is fed around the electrode and is used to create 
the plasma and to protect the molten metal from oxide and other gases in the 
surrounding air that will influence the properties of the weld in a negative 
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way. If a filler material is used it is fed into the melt from the side, manually or 
automatically [2]. 

2.1.2 Laser Beam Welding 
Laser welding differ from arc welding by the lack of an electric current for 
creating the plasma. The heat is in this case instead supplied by a focused, high 
power laser source. This process is only used for automatic welding because of 
the dangers of the laser light and difficulties of handling the laser. If any filler 
material is needed it is supplied automatically from the side into the melt. This 
welding process is commonly performed in a chamber of inert gas to prevent 
contaminations from atmospheric gases [2]. 

2.2 Joint Types 
Most welding processes can be used to join metals in different geometries. 
Which of the different types of joints are used depend on the application and 
each have their advantages and disadvantages in terms of cost, time 
consumption and strength of the joint. Some of the most common joints, and 
the ones used in this work are presented below and shown in Figure 1. The 
joints are presented according to ISO 2553 [3]. 

2.2.1 Bead on Plate 
A bead on plate weld is not a joint, but simply a weld on a metal plate. It can 
be useful while tuning weld parameters and for reducing outer influences 
when creating welds that can be used for testing and comparing equipment. It 
can also be used for applying material to a surface to replace material lost 
through wear, to build up a structure or to protect the surface [1]. A bead on 
plate can be seen in Figure 1(a). 

2.2.2 Butt Weld 
A butt weld consists of two plates that are placed side by side and are welded 
along the seam as in Figure 1(b-c). If the plates are thick it might be necessary 
to machine a bevel in one or both of the plates to attain sufficient penetration 
depth. There are different shapes of the bevel, as can be seen in Figure 1(d-h). 
The type and shape will depend on the thickness of the plates and welding 
process, but are usually kept as simple and small as possible since additional 
machining of the plates after they are produced can be costly [1]. 
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(a) Bead on plate 

 
(b) Square butt weld 

 
(c) Square butt weld with gap 

 
(d) Single bevel butt weld 

 
(e) Single V butt weld with broad root face 

 
(f) Single V butt weld 

 
(g) Single U butt weld 

 
(h) Double V butt weld 

 
(i) Fillet weld (Corner) 

 
(j) Fillet weld (Tee) 

 
(k) Fillet weld (Lap) 

Figure 1: Schematic description of common weld joints showing the shape of the plates before 
they are joined with the grey area representing the welded area. 
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2.2.3 Fillet Weld 
Plates often need to be joined at an angle as in Figure 1(i) and a corner joint 
can then be used. If the plates are thick, a bevel can be machined into one of 
the plates as in the case for the butt weld. Another common way of joining 
two plates at an angle is to use a Tee joint (also known as T joint) as in Figure 
1(j). One of the advantages of this joint over the corner joint is that it is 
possible to weld it from both sides, as might be necessary for thicker plates. It 
is also possible to make a bevel in the added plate in a similar way as with the 
butt weld in order to improve the penetration depth in the weld. If the two 
plates that are to be joined are overlapped as in Figure 1(k) the joint is called a 
lap weld. For a lap joint, the plates can either be welded on one side or both 
[1]. 

2.3 Weld Defects 
All welding processes can, and will, give rise to imperfections that, depending 
on their size and type will be classified as defects. Defects will act to weaken 
the joint between the materials and can lead to failure of the joint. The 
different types of defects have different causes, severity and sometimes require 
different methods to be detected. The most common defects for continuous 
welds are presented here [4]. 

2.3.1 Pores 
During the cooling and solidification of the weld metal, the solubility of gas in 
the metal decreases and gas bubbles can form. If these bubbles cannot escape 
before solidification, gas gets trapped in the weld and creates pores. The main 
cause for pores is inadequate use of shielding gas which will let gases like 
oxygen, nitrogen or hydrogen into the weld metal. Pores, just like other 
defects, weaken the weld and can act as crack initiation points. Pores can 
come one by one or in a cluster of several smaller pores as seen in Figure 2(a-
b). They are usually spherical in shape but can also be in the shape of a worm 
hole if it evolves progressively during the solidification of the weld [1]. 

2.3.2 Inclusions 
Inclusions, as seen in Figure 2(c), come in two main types, slag inclusions and 
tungsten inclusions. Slag inclusions are oxides and other non-metallic solids 
that are trapped in the weld or in the boundary between the weld and the 
base metal. During gas tungsten arc welding some tungsten can melt and fall 
into the molten metal and will then form a tungsten inclusion [4]. 
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(a) Pore 

 
(b) Cluster of pores 

 
(c) Inclusion 

 
(d) Internal crack 

 
(e) Surface crack 

 
(f) Lack of fusion 

 
(g) Lack of penetration 

 
(h) Lack of penetration in a fillet weld 

 
(i) Toe radius 

Figure 2: Schematic drawing of common weld defects. The area that is molten in the welding 
process is marked in the cross section of the weld and defects are presented schematically and not 
to scale. 
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2.3.3 Cracks 
Cracks come in a large variety when compared with other defects. They can 
either be formed during the welding process, during cooling or later in the 
welds lifetime where cracks can be created and grow when the weld is loaded. 
Cracks can be divided into either internal or surface cracks depending on if 
they are initiated from the surface or not, as in Figure 2(d-e). Some surface 
cracks are narrow enough that they cannot easily be seen on the surface. 
There are different types of cracks that can form during the welding process 
and some of them are: solidification cracking, lamellar tearing, cold cracking, 
liquation cracking and reheat cracking [4]. Cracking can occur in areas that 
are affected by the welding process such as in the weld itself, between the 
weld material and the base material and in the heat affected zone (HAZ). Due 
to the geometry of cracks they can be devastating for a weld since the sharp 
edges causes stress concentrations which can cause the crack to grow larger 
[5]. 

2.3.4 Lack of Fusion 
If the weld metal does not melt onto the base metal, a lack of fusion defect is 
created, as in Figure 2(f). This type of defect can be created due to low 
temperature in the melt because of incorrect weld equipment settings or by 
too large heat transport away from the weld. It can also be caused by an 
unfavourable geometry or angle of the weld torch [2]. Lack of fusion 
effectively lowers the area of the two plates that are joined and can also act as 
an initiation point for cracks. A special type of lack of fusion is called cold lap 
[6] which is a lack of fusion at the toe of the weld and is caused by an 
overflow of the weld pool or by spatter. 

2.3.5 Lack of Penetration 
If the two plates in a butt joint are not welded through to the required depth 
there is a lack of penetration, as seen in Figure 2(g). When joining two plates, 
the required penetration depth is often the same or close to that of the 
thickness of the plates, and if the plates are not welded together to that depth 
it is classified as a defect. A lack of penetration will weaken the joint due to an 
effective reduction in thickness at the weld and can act as a crack initiation 
point [4]. An equivalent defect exists for fillet welds and is shown in Figure 
2(h). 

2.3.6 Geometrical Variations 
There are several types of geometrical variations of the weld that can be 
considered defects if they weaken the joint. One geometric variation that is 
considered in Paper A is the toe radius, which is the radius of the circle that 
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can be fitted at the toe of the weld, between the weld and the base metal, as 
in Figure 2(i). A toe radius defect is a geometrical defect, which means that it 
is a fault in the shape or dimensions of the weld. If the toe radius is too small 
it will give rise to stress concentrations when the weld is loaded, which can 
cause the joint to crack. Since all welds have a toe radius, and it is only 
considered a defect if it is too small, it needs to be measured and not just 
detected to be able to determine if it is a defect [7]. 

2.4 Artificial Defects 
When methods and equipment are tested, compared and qualified it is 
common to use defects that have been artificially created in order to have 
known variations and positions of the defects. Artificial defects can also be 
used for training and certifying personnel. The aim of artificial defects is to 
look and behave in a similar way to real defects for the testing method or 
methods that are being used. There is a difficulty in designing and producing 
artificial defects, especially if they are to be used to compare several NDT 
methods, because they will then have to look and behave like the real defect 
in different ways. Several types of these defects exist and are in use, and some 
of them are used and presented in Paper A; these include surface notches, 
artificial pores, internal flat defects, lack of penetration in a butt and fillet weld 
and variations of the toe radius. 

2.4.1 Artificial Pores 
Pores are cavities inside the weld that are often spherical in shape. One way of 
creating an artificial pore is demonstrated in Figure 3. Holes are drilled into a 
pre-made weld and are then closed off using a second weld. This creates 
cavities that are cylindrical in shape with the bottom shaped after the drill and 
where the top can be concave or convex depending on the welding process 
and the diameter of the hole. 
 
 

 
(a) 

 
(b) 

 
(c) 

Figure 3: Schematic description of how the artificial pores were produced. (a) In initial bead on 
plate weld mere made to ensure that the pore would be in welded material. (b) A hole was 
drilled into the weld. (c) A second weld was made on top of the hole, closing it to a cavity. 
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These artificial pores have successfully been created using MIG welding and 
laser welding without filler material. The sizes of the pores have ranged from 
0.3mm to 2mm. The result for two 2mm artificial pores, made using MIG 
welding, is shown in Figure 4. 

 

 
Figure 4: Cross section of two 2mm artificial pores made using MIG welding. 

 

The main difference between these artificial pores and real pores is the shape; 
the artificial ones are less spherical than real pores. 

2.4.2 Surface Notches 
Surface notches are made to be used instead of surface cracks. Notches are 
machined into the surface, often using electrical discharge machining (EDM) 
for creating small notches. A 1.3mm long and 0.15mm wide surface notch can 
be seen in Figure 5. Notches with lengths as small as 0.25mm and with widths 
under 0.1mm were created during this work. 

 
Figure 5: Micrograph of a surface notch in a laser welded titanium plate. The notch is 1.3mm 
long and 0.15mm wide. 
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The main difference between notches and real cracks is the shape; real cracks 
can be narrower, deeper and have sharper ends. 

2.4.3 Internal Flat defects 
In order to have a defect that behaves like lack of fusion and internal cracks, 
internal flat defects were created. This defect was created as in Figure 6; two 
plates were joined with a double sided square butt weld. The defect is created 
by leaving a small area between the welds unjoined for a short section of the 
weld.  

 
(a) 

 
(b) 

Figure 6: Schematic description of how the internal flat defects were produced. (a) Two plates 
with smooth machined edges are put next to each other as in a square butt weld. (b) the plates 
are welded on both sides leaving a small gap between the joined areas. 

These internal flat defects have been created using both MIG welding and 
laser welding with dimensions down to 5mm long, 1mm high and width of 
about 15 m, one example can be seen in Figure 7. The difference between 
these defects and internal cracks or lack of fusion is mainly the shape and 
orientation; but the important dimension, the width, is similar to that found 
in cracks and lack of fusion defects. 

 

 
Figure 7: Micrograph of internal flat defect manufactured using the described method. In this 
case there is a real lack of fusion in the root of the upper weld due to low penetration. 
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2.4.4 Lack of Penetration 
Lack of penetration in butt welds were created as real defects by changing the 
weld parameters until the requested penetration depth was acquired. In this 
case the welding speed was varied for laser welding and several welds were 
produced and sectioned to find the correct speed for the requested depth. 
Three different depths were created in one weld using this technique. 

A different method was used to create the lack of penetration in a fillet weld. 
Here the thickness of the material was thicker (15mm compared to 3mm) and 
the gap between the plates could also be wider. The defects were therefor 
produced as artificial defects by machining a steel beam to look like a fillet 
weld. Grooves of different depths were then cut into the backside of the 
beam, were the gaps between the plates would normally be, as in Figure 8. 
The difference between this artificial lack of penetration and a real one is the 
width of the gap and the shape of the edge; real ones tend to be sharper than 
what is machined. 

 

 
Figure 8: Photograph of the artificial lack of penetration in a fillet weld. The grooves are cut 
to different depth into the backside and the weld is on the other side of the upright. 



13 
 

 

2.4.5 Toe Radius Variations 
Since the toe radius is a part of the outer shape of the weld it can be measured 
using other methods that might not be useful for testing in an industrial 
environment, such as laser scanners. Several welds can therefore be 
manufactured until one with the required dimensions is found. This was done 
and the results were a fillet weld with one 1mm and one 6mm toe radius that 
can be seen in Figure 9. 

 

 
 

Figure 9: Photograph of the weld containing two different toe radii; the upper one is 6mm 
and the lower 1mm. 
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3. NDT Methods for Weld Inspection 

There exist several non-destructive testing methods [8] although not all are 
suitable for detecting defects in welds and some are specifically designed for 
finding one type of defect in a certain material. There are some methods that 
are more commonly used than others due to their ability to reliably find a 
diversity of defects. Most of the common NDT methods can be divided 
further into sub-groups because they have evolved into methods tailored to 
specific problems or have been improved since they was first developed in a 
way that makes it in to a new method. Presented below are the most common 
NDT methods for weld inspection and the methods used in this work. 
Methods that are in a sub group of a particular method will only be presented 
if it is used in this work or if it is a commonly used improvement of the 
method. 

3.1 Visual Inspection 
With unaided visual inspection the surface of an object is inspected for defects 
without the use of any aids. This technique can only be used for detecting 
surface breaking and geometrical defects such as lack of penetration, large 
cracks, pits and craters [4]. The inspection can be aided by the use of special 
lighting such as raking light which makes surface defects easier to detect. 

Visual inspection can be further aided with the use of a microscope. In most 
cases the microscope can detect the same types of defects as unaided 
inspection with the difference that it can detect smaller defects [4]. The 
inspection can be aided further with the use of a CCD camera which makes it 
possible to view the inspected surface on a computer screen and to save 
images of the defects. 

3.2 Liquid Penetrant Testing 
Penetrant testing is a NDT method for detecting surface defects, especially 
surface cracks. This method is useful for detecting cracks that might not be 
visible with the naked eye, and it can also ease the detection of visible cracks. 

The steps for penetrant testing can be seen in Figure 10 and are as follows. 
Before starting with penetrant testing the surface must be cleaned so that the 
penetrant can easily enter the discontinuity. When the surface is clean the 
penetrant can be applied to the surface. There are two main types of dye, a 
visible (usually red) and a fluorescent dye. After the penetrant has been applied 
it needs time to seep into cracks and discontinuities. After the penetrant has 
seeped into all discontinuities the excess needs to be removed. A developer is 
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then applied to the surface to draw out the penetrant left in discontinuities, 
the developer also spreads the penetrant making it easier to detect. With visual 
penetrant the discontinuities shows up as coloured spots against the 
background of white developer. Fluorescent penetrant is usually yellow-green 
against a blue-black background when viewed under a fluorescent light. This 
process makes the presence, location, size and nature of the defect known [4, 
9]. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 10: The basic procedure for penetrant testing consists of several steps, where the most 
crucial are: (a) preparing and cleaning the surface, (b) applying penetrant, (c) penetrant dwell, 
(d) excess penetrant removal, (e) applying developer and (f) interpreting indications.  

3.3 Magnetic Particle Testing 
In magnetic particle testing a magnetic field is passed through the object; if 
there is a discontinuity that cuts the magnetic field lines close to the surface it 
will make the magnetic field diverge out from the material. The magnetic 
field can be either AC or DC depending on the application. While the 
magnetic field is applied to the object a magnetic powder is applied to the 
surface, usually suspended in a liquid. Areas where the magnetic field passes 
outside of the object will attract magnetic particles, and because of this there 
will be a collection of particles where there are defects close to or at the 
surface, as in Figure 11. The magnetic particles can have different colours; if 
the inspection is performed in visual light they are black, but to ease detection 
fluorescent particles are often used together with UV-light [4, 10]. One 
disadvantage with magnetic particle inspection is that the discontinuity needs 
to be perpendicular to the magnetic field lines and the field therefore needs to 
be applied in several different directions for all detectable defects to be found.  
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Figure 11: A magnetic field is applied to the test piece and the magnetic particles collect where 
the magnetic field deviates due to defects.  

If the surface is too rough, movement of the magnetic particles on the surface 
will be decrease and some defects might therefore be missed. 

3.4 Radiography 
Radiographic testing is based on the fact that the absorption of ionizing 
radiation (X-rays or -rays) in a material depends on the thickness and density 
of the material. A schematic description of a typical radiography setup can be 
seen in Figure 12. If there is a defect in a material, there will be a difference in 
absorption between the defect and the base material, thus making the defect 
visible in a radiographic test. X-rays and -rays are both electromagnetic 
radiation with very short wavelength, the difference is the source of the 
radiation; -rays are emitted from the decay of a radioactive material while X-
rays are produced in an X-ray tube by accelerating electrons into a metal 
target (usually Tungsten) 

 
Figure 12: Schematic description of radiography; the rays from the source on top passes 
through the test object and depending on the thickness and material, a portion of it gets 
absorbed before hitting the detector on the bottom. 

Some of the advantages with using -rays are that the -ray source does not 
need any electricity and can be made lighter and cheaper than an X-ray 
machine. The disadvantages are that the output and energy of the source is 
predetermined and cannot be changed without changing the -ray source and 
that the -ray source decay with time. 

There exist different types of detectors to be used with radiographic testing. 
Traditionally a radiographic film is used that, after it has been exposed to 
radiation, needs to be developed to produce an image. Newer, more modern 
methods have been developed that simplifies and speeds up the process of 
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producing an image of the radiation. Fluorescent screens are made of a 
material that radiate in visible or ultraviolet when exposed to radiation, thus 
making it possible to see and record the radiation using a camera. A scintillator 
can be used to convert the X-rays to visible light that can be recorded with a 
CCD-camera and processed in a computer. There are also different types of 
semiconductor detectors that convert X-ray photons to electrons which are 
then amplified and viewed on a fluorescent screen. Another technique is 
computed radiography where a screen made from photostimulable phosphor is 
used that captures the radiation in a quasi-stable state. When the plate is 
illuminated with laser-light it will emit luminescent radiation with an intensity 
that depends on the X-ray radiation. The luminescent radiation is measured, 
digitized and transferred to a computer where it can be processed [4, 9, 10]. 

3.5 Eddy Current 
Eddy current testing uses the fact that an alternating current will give rise to 
an alternating magnetic field and vice versa [11]. During an eddy current 
inspection, a probe containing a coil is passed over the surface of the test 
object. An alternating current is passed through the coil and gives rise to an 
alternating magnetic field around the coil. If there is an electrically conductive 
material close by, a current will be induced in that object that has the opposite 
direction of the coils current, see Figure 13.  

 
Figure 13: Schematic description of eddy current testing; an alternating current in a coil on the 
top induces a magnetic field in a conducting material. The induced magnetic field decreases 
deeper into the material. 

This induced current will also create a magnetic field and this field can be 
detected in the coil as a change in inductance, or in a secondary coil. If a 
defect is present in the material that influences the induced current, for 
example a surface crack perpendicular to the current, this can be sensed in the 
coil as a change in the magnetic field. Due to the skin effect, the depth at 
which one can detect a defect is limited by the frequency that is used, lower 
frequencies give larger depth but less sensitivity [4, 10]. The signal response 
will also be dependent on the distance between the probe and the material, 
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this is called lift-off and can give rise to errors in the inspection if the distance 
is changed during testing. The problem with lift-off can also be reduced using 
different setups of coils. There are different types of coils and coil 
configurations that can be used for eddy current testing; two common ones 
are the absolute probe that uses one coil and a differential setup using two 
coils. 

The result of an eddy current test is usually a phase plot showing the phase of 
the impedance of the coil. In case there is a defect, the phase will change and 
this will be seen on the instrument. Another way of displaying the results is an 
amplitude-time plot; this is useful when doing a line scan [4]. 

3.6 Ultrasound 
Ultrasound is sound that has a frequency above the audible range and for 
NDT applications ultrasound usually starts at 50 kHz and can be as high as 
several GHz [9]; a common range is 1-25 MHz. Ultrasonic testing needs a 
sender and a receiver to produce and receive the sound wave. A piezoelectric 
crystal is used for generating the sound and also for receiving, either in one 
transducer or as a separate transmitter and receiver. The transducer sends out 
an ultrasonic pulse and listens for a response, as explained in Figure 14. Due to 
the high acoustic impedance between air and metal, a liquid is used in-
between the transducer and the surface of the object to reduce reflections 
from the interface. There are two basic ways of solving the problem of 
acoustic coupling between the probe and the material, either that the probe is 
in contact with the material with a thin layer of couplant, or alternatively both 
the probe and the object is immersed in a tank. A transducer can have a built 
in acoustic lens that focus the sound wave at a predetermined depth, this 
reduces the width of the beam at that depth but might make it wider at 
others. 

There are different types of ultrasonic waves and one type can be converted to 
another when the wave is reflected or passes from a material with one acoustic 
impedance to another. Some common types of sound waves are longitudinal, 
transverse (shear) and surface (Rayleigh) waves; these waves all have different 
sound velocities. All acoustic impedance variations in the material will cause a 
reflection of the ultrasonic wave that will be picked up by the receiver [4, 10]. 

The result from an ultrasonic test is a record of the amplitude of the reflected 
sound pulse over a certain time period. This data can then be presented in 
different ways depending on the application and equipment. An A-scan is the 
simplest way of presenting the ultrasound data. Here the data is plotted as it is 
received for each pulse, with the amplitude as a function of time; sometimes 
the signal is rectified and filtered before it is displayed and the time can be 
converted into distance if the sound velocity of the material is known. B-scan  
uses the same probes as the A-scan but instead of having the signal plotted in a 
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Figure 14: The principles of ultrasonic testing. (a) The transducer transmits an ultrasonic 
pulse into the material. (b) The pulse hits an area with deviating acoustic impedance and some 
of the pulse is reflected back. (c) The pulse continues into the material. The reflected pulse 
travels towards the transducer. (d) The reflected signal from the defect hits the transducer and is 
converted to an electric signal that is interpreted by the operator.  

time-distance diagram that is updated constantly the probe is scanned across 
the surface and the result is a 2-D plot of position of the probe on one axis 
and the received echo on the other. The amplitude of the echo is often 
displayed using different colours. The results shows a cross section of the test 
specimen and the depth of defects can be determined [4]. In a C-scan the 
probe is scanned over the whole test surface and the receiver listens for echoes 
within a predefined space of time, for example between the surface echo and 
the back wall echo. The amplitude of the signal received in the time window 
is plotted in an x-y plot and the depths of the defects are lost in this method 
[4]. 

Time of flight diffraction usually use one transmitter and one receiver. A pulse 
is sent from the transmitter at an angle and if there is a crack in the way of the 
pulse, some of it will be reflected and some will be transmitted. At the tips of 
the crack the pulse will be diffracted and the pulse will spread in all directions, 
these diffracted pulses are picked up by the receiver together with a reflection 
from the back wall. By measuring the time it takes the diffracted pulses to 
reach the receiver it is possible to calculate the positions of the tips and 
thereby the size and position of the crack. When using TOFD for detecting 
cracks in welds it is possible to have the transmitter on one side of the weld 
and the receiver on the other while still being able to detect and position all 
cracks in the weld without the need to raster scan the weld, this makes TOFD 
a fast technique for detecting cracks in welds [12]. One drawback with this 
technique is that it is not possible to detect defects that are close to the surface  
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Figure 15: Different working modes for phased array ultrasound. (a) Unfocused beam. (b) 
Steering of the beam. (c) Focus of the beam. (d) Steering and focus of the beam. 

and there will be a dead zone directly under the surface at least 2 mm deep, 
although this depth can sometimes be reduced [12].  

Phased array ultrasound uses a probe that consists of several ultrasound 
elements close together that can be set off in sequence, allowing the operator 
to steer, scan and focus the beam, as described in Figure 15. Because of the 
ability to steer the beam, this method can produce a cross section of the weld 
without moving the probe [13, 14]. In the case where the beam is steered and 
focused a delay law is calculated for that specific focus depth and angle and 
this is used to add a phase delay and an individual amplification to each 
element. A similar phase delay and amplification is used when the transducers 
act as receivers before the signal from the individual elements are added 
together. The ability to focus and steer the beam makes this method more 
flexible than normal ultrasound and the ability to scan a sector without 
moving the probe can speed up inspection. 

3.7 Thermography 
Thermography is a testing method that uses an infrared (IR) camera to 
observe the thermal radiation from an object. The thermal radiation can come 
from an object at room temperature, but more often the object’s temperature 
is raised using an external heat source and the camera monitors how the 
surface temperature changes with time. There are multiple types of 
thermographic techniques in use [15] and they are usually categorised by the 
method of supplying the heat. Various ways of analysing the resulting data to 
increase the sensitivity of the technique are also in use [16, 17]. 
Thermography is mainly used on composites and ceramics to detect 
delaminations, large pores, debondings and thickness variations [18]. When 
using thermography to detect large defects in big structures, a camera and heat 
source is set up at a distance from the structure and a large section can then be 
tested in a short time. 

In passive thermography the test specimen is not heated or cooled during the 
test by an external source. It can detect defects by observing how an object 
that is already above room temperature cools down. It can also be used to  
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Figure 16: Schematic view of pulsed thermography using a laser. The laser light (grey) is 
unfocused using a lens to adjust the width of the beam when it hits the weld. The heated weld 
then emits infrared radiation (waves) that is imaged using an infrared camera. 

detect variations in how an object radiates which is used to study at the 
insulation in a house or how a car is heated by the engine. Passive 
thermography is not very useful for detecting defects in welds, unless it is used 
while the weld cools directly after welding. The use of a thermal camera 
during welding brings along some practical problems, therefore a better 
alternative is to use an active technique [15]. 

Active thermography uses a heat source to actively heat the test object; this 
can be done in several ways depending on the application. In flash (or pulsed) 
thermography a short, high intensity light pulse, such as a laser or flash lamp, is 
used to heat the specimen, as in Figure 16. The length of the pulse can be 
anything from a few microseconds for metals to a couple of seconds for 
materials with low thermal conductivity such as plastics, polymer composite 
materials and wood. The pulse will heat the surface of the specimen and a 
high speed IR camera is used to observe how the temperature at the surface 
varies with time. Another way of using flash thermography is to heat a small 
area for a short time and observe how the thermal wave propagates along the 
surface. Any defect that is close to the surface will disturb the wave enough to 
be visible at the surface. 

Step heating works in the same way as flash thermography, but instead of a 
short, high intensity pulse, a longer pulse is used that has a lower intensity, 
such as a lamp or a heat gun. With a lower intensity for a longer time it is 
possible to observe how the specimen under test is heated and defects under 
the surface will show up due to a difference in thermal conductivity. For 
thinner objects it is possible to heat one side and observe on the other side the 
speed at which the heat propagates through the object [15]. 

In lock-in thermography, the heat is applied with a varying intensity, usually 
as a sine-wave. Because of this varying intensity, the surface temperature of 
the specimen will vary with the same frequency as the heat source, only with 
a phase delay. The phase delay will depend on the material, and by measuring 
the delay on a surface it will be possible to detect defects by looking for areas 
with a different phase [15]. 
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Vibrothermography is based on the effect that if the length of a piece of 
material is increased the temperature is decreased and if the length is decreased 
the temperature is increased. If a piece of material is periodically loaded and 
unloaded, local hotspots will be generated at defects due to stress 
concentrations. The loading and unloading is normally done with mechanical 
vibrations in the audible range, up to 25 kHz [15, 19]. 

Eddy current thermography uses large varying magnetic fields to heat the 
metal due to inductance heating [20, 21]. If there is a defect in the material 
the current will flow around it resulting in variations in the heating of the 
material. These variations can then be imaged by an infrared camera. 

There are several methods available to analyse the thermography data. Their 
aim is to reduce the temperature image sequence in each pixel to one value 
that will show any defects that were available in the data. The methods used 
to add the images are first and second derivatives of the logarithm [22], 
dynamic thermal tomography (DTT), pulse phase thermography (PPT), 
thermal signal reconstruction (TSR) [17] and variations of them [16, 23]. It is 
possible to get an estimation of the depth of the defect by analysing amplitude 
and time delay for the temperature response [24, 25]. The depth of the defects 
can be estimated by observing the time delay of the signal response. 
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3.8 Shearography 
In shearography a test object is illuminated with laser light to create a speckle 
pattern. The reflected light of the object is then focused and split into two 
beams in a Michelson interferometer. One of the beams is sheared using a 
slanted mirror and is then joined with the second to form an interference 
pattern imaged on a CCD. The setup is shown in Figure 17. The object is 
then disturbed in some way and a new image is captured; using these two 
images it is possible to get an image showing the derivative of the change 
between the images in the shear direction. The test object needs to be exited 
in a way that makes the defects visible, for example with a mechanical load, 
heat, vibrations or vacuum [26]. 

 
Figure 17: Schematic view of a shearography setup. The laser (bottom) is made to diverge 
using a lens to be able to illuminate the whole plate (left). The reflected light is then collected 
and sent through a Michelson interferometer before it is imaged by a camera (top) connected to 
the computer where it is processed. 
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4. Automatic Inspection of Welds 

Non-destructive testing of welds is commonly done manually. Automated 
inspection presents several difficulties, but also advantages such as good 
repeatability, high speed and stability over a long time period. Carvalho et al. 
[27] showed, using three types of artificial weld defects in a pipeline, that 
automated ultrasound inspection gave superior result for detecting the defects 
when compared to manual inspection.  

 
Figure 18: Diagram showing the steps in the automation of NDT. The problem is split up 
into mechanisation and analysis which in turn is split into smaller parts. 

The problem of constructing a general system for automatic testing and 
evaluation of welds can be divided into smaller problems, as seen in Figure 18, 
that each needs to be solved in order to make the system work reliably. 
Automation is here split into two areas, mechanisation of the testing and 
automation of the analysis of the results. The steps in the mechanisation go 
from the manipulator via positioning to the testing apparatus, which interacts 
with the test piece, to machine software interaction. When it comes to the 
analysis, the data is first processed to improve the quality; signals of interest are 
then segmented out from the background and detected. The detected defects 
are finally sized, positioned and classified.  

A comparison of five different NDT methods for automated inspection of 
welds is given in section 4.1. Phased array ultrasound was found to be best 
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suited for detecting the weld defects used in the comparison and for 
automated inspection. The automated inspection section is therefore focused 
on ultrasound. Problems, and in some case solutions, to mechanisation and 
automated analysis of phased array ultrasound are presented. 

4.1 Comparison of NDT Methods for Automation 
The reason why the focus is on ultrasound is because it was shown in Paper A 
that it is the method most suitable for finding the weld defects of interest. In 
the paper, a comparison of five different NDT methods for weld inspection 
was carried out. The two methods that were able to find the most defects 
were phased array ultrasound and radiography. Both of these methods have 
their problems when it comes to mechanisation. Radiography requires 
shielding to block dangerous radiation, access to both sides of the weld and 
can be very time consuming for inspection of thick plates. Ultrasound requires 
the probe to be in contact with the material through a liquid between the 
probe and the material in order to have good acoustic coupling.  

 
Figure 19: The SNR of the signal depended on the size of the defects (circles). Only defects 
with a SNR value above a limit can be detected automatically. 

To be able to compare the data of the different NDT methods, the signal to 
noise ratio (SNR) for the contrast in the data was calculated. The filter size, 
used for calculating the contrast, that maximised the SNR for a particular 
defect was dependent on the size of the signal from that defect. This 
dependence on size can be used as a way of sizing defects as long as the size of 
the indication in the data is dependent on the real size. Since one of the main 
difficulties in automatic analysis is to differentiate between defects and noise, 
this method, using the SNR of the data, was used when comparing NDT 
methods. A lower limit for the SNR was set as a level where defects should be 
able to be automatically detected, as is shown schematically in Figure 19. The 
SNR of the ultrasound data was higher or about the same as for radiography 
for all defects and was above the lower limit for more defects.  

This comparison also showed that thermography is a method that can be used 
for detecting surface cracks, since it was the only method that was able to 
detect all surface notches. It was therefore suggested that thermography could 
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be used together with ultrasound as a compliment since ultrasound is lacking 
in its ability to detect surface defects. In the following sections, ultrasound will 
be the main focus for automation. Continued research into the area of 
thermography for surface defects is left for future work. 

4.2 Mechanisation 
The mechanisation of the inspection of welds here means the physical 
scanning of the probe along the weld. This can in some cases be performed by 
moving the test piece and keeping the testing equipment stationary, as is the 
case for pipe inspection and other structures where the geometry is simple and 
the test piece can easily be moved and rotated. In the case of welds in 
geometrically complex structures, it is often preferred to keep the test piece 
stationary while the inspection equipment is moving using, for example an 
industrial robot.  

4.2.1 Manipulator 
Most of the weld geometries that are being inspected automatically are 
geometrically simple. Manipulators used are therefore constructed specifically 
for the tested piece, as is the case for automated inspection of pipes and tubes. 
For more advanced geometries, or when not all test pieces are the same, a 
more flexible system is required. One way of achieving the flexibility needed 
is to mount the probe on an industrial robot. If the welding is performed by 
robots, which is often the case, a similar robot should be able to inspect the 
welds by moving in a similar pattern. There are also other solutions to this 
problem; Carvalho [27] used an inspection vehicle with magnetic wheels to 
drive along a welded pipe and scan the weld with 8 transducers. 

4.2.2 Probes 
The transducers used for automated NDT are the same as those used during 
manual inspection, with the difference that they are attached to a manipulator 
and have an automated system for supplying the couplant. The problem to 
solve, when it comes to ultrasound probes, is therefore the supply of coupling 
liquid which is required to achieve good acoustic coupling with the test piece. 
During manual inspection the couplant is applied as a thin layer in between 
the probe and test piece. This method of applying the couplant is not used for 
automated inspection since air easily gets trapped under the probe, the probe 
can get a stick-slip behaviour and is sensitive to surface imperfections.  

According to Wolfram [28] there are four common ways of supplying the 
couplant for automated inspection, immersion testing, partial immersion, gap 
coupling and water jet. Methods exist for non-contact ultrasound that does 
not use any couplant, for example laser ultrasonics [29, 30] and electro-
magnetic acoustic transducers (EMAT) [31]. Immersion testing is performed 
by completely submerging the test piece and transducer in a tank that is full of 
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water. Partial immersion is used to inspect objects like pipes; the lower part of 
the pipe is submerged and rotated in water and inspected by one or several 
stationary transducers. Gap coupling can be used when the surface is not 
completely even. Between the transducer and the surface of the test object is a 
gap of one or a few millimetres which is filled with water held in place with a 
flexible frame. In water jet coupling the ultrasound pulse is transferred 
through a beam of water for a distance of multiple centimetres. There are two 
types of water jets classified by the length where the water beam is in free air 
called guided or free water jet.  

Experiments have been performed in-house using a free water jet probe 
(squirter probe) mounted on an industrial robot for inspection of multi-
layered welded structures. In this case a normal single element ultrasound 
transducer was used and the probe was scanned across the whole surface. 

4.2.3 Positioning of Probe 
The position of the probe is of importance since it will also affect the 
positioning of the defects in the data and in that way affect the classification of 
echoes in the data. It is also important for being able to relocate a defect after 
it has been detected. The accuracy of flexible mechanical systems such as 
industrial robots is sometimes lacking if the position is to be used for analysing 
the data. In addition, the position of the test piece is usually not known 
exactly. To be able to position the probe with required accuracy the 
mechanised system needs to be improved. One method that can be used for 
finding the weld, if an approximate position is known, is a vision system [32]. 
A camera is then used to capture an image of the whole welded structure from 
two angles and the position of the weld can be calculated. An adaption of this 
method that might be useful for following the weld, especially for complex 
structures, is to position two cameras together with the ultrasound probe that 
keeps track of the weld during the scan. 

A technique that has been studied in Paper B is to analyse the phase of the 
ultrasound signal to find corners that can be used for positioning. It is shown 
that the phase can be used to distinguish between echoes originating from a 
reflection in a corner and other echoes. In the case where the plates are not 
completely welded through, there will be a corner created by the bottom and 
side of the plate, as in Figure 2(g). If this echo can be singled out from others, 
it can be used as a fix point to determine the exact position of the probe in 
relation to the joint. 

4.2.4 Machine Software Interaction 
The mechanised system needs to be aware of the size, shape and position of 
the test piece in order to find the welds and to keep an appropriate distance 
between the probe and the surface of the test piece. Communication from the 
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software to the manipulator is needed if there is a fault in the acquired data 
and an area needs to be retested. 

4.3 Analysis 
When the results of the inspection are analysed by an operator, it is not only 
the size of the indications that are of importance for determining if a signal is a 
defect, part of the test piece or noise. Properties such as size, shape, location 
and signal strength are also important and this makes the analysis harder to 
perform automatically. The information flow during the analysis stage is 
schematically described in the lower grey box in Figure 18. First the acquired 
data is pre-processed to improve the image quality. This is an essential step 
since good quality data is required in all subsequent steps. The data is then 
segmented to find objects of interest that will be further analysed. These 
objects will include everything that deviate from the background. During the 
detection step defects are separated from geometrical reflections and noise. 
When this is done the remaining objects can be positioned and sized by 
measuring the objects in the image and knowing how the data relates to real 
life coordinates. The last step is to classify the defects. This step requires all the 
known information about the object in order to give a good prediction of 
what type of defect it can be. 

4.3.1 Pre-Processing 
Several of the difficulties of automatic evaluation of the results originate in the 
lacking signal quality that is inherent in ultrasonic testing due to the spread of 
the ultrasonic beam. To be able to distinguish if an echo in the ultrasound 
signal is from a defect, noise or from the weld geometry, it is important for 
the echo to as closely as possible resemble the real object. This will help the 
automated analysis determining if it is a defect, and if so give an indication of 
what type of defect it is.  

Several methods exist that can be used to improve the quality of the data and 
most of these have been developed, and is in use, in the medical sector where 
high quality images are of importance. These techniques all try to remove the 
blur, caused by the spread of the beam, from echoes in the data images by 
using additional information or data. One method that is used in medical 
ultrasound to improve image quality is deconvolution, which aims at 
removing the effect of the beam spread by deconvolving the image with the 
spread of the beam, the point spread function (PSF). Since the tissue being 
observed is inhomogeneous the PSF is assumed to be unknown and is 
estimated in a process called blind deconvolution [33, 34]. If the full signal 
from all individual elements in a phased array are collected and the array is 
pulsed one element at the time, it is possible to calculate the delay law for all 
angles and focus depths afterwards and thereby acquire an image that is 
focused at all data points [35]. Other techniques that could be of interest are 
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tomography [36] and holography [37]. These techniques needs to be further 
investigated and compared to determine which is best suited for improving 
phased array images. 

Work has started at using deconvolution to improve image quality, since this 
is a commonly used technique within medical ultrasound. Simulations were 
first performed to acquire the PSF of the beam using calculations based on 
diffraction theory, as is shown in Figure 20. The deconvolved image was 
calculated using Wiener deconvolution, a method used to supress noise that 
would otherwise reduce the quality of the final image. 

 
Figure 20: Simulated spread of the beam from an ultrasound phased array probe. The probe 
is on the top and the black square is the wedge.  

One technique that has been tested is to use several overlapping images of the 
same area and defects to improve the SNR. The images are then overlaid and 
averaged. If the images show an object from several different angles this 
method will also reduce the size of the echo in the final image since the spread 
of the object is mainly perpendicular to the beam. This method was tested 
with data acquired from a calibration block containing a hole drilled through 
the block from the side and the results are shown in Figure 21. Further 
improvements could be made using other methods while joining the images, 
such as super resolution [38]. 
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Figure 21: SNR as a function of the number of images used. The standard deviation in each 
point is also shown. 

A method that can be used if the probe is moved along the weld instead and 
data continuously acquired, as is normally the case, is to use several adjacent 
images to construct a 3D image, as in Figure 22. The 3D image can help in 
separating signals from noise and will give a better understanding of the shape 
of the defects. 

 
Figure 22: 3D image showing a weld containing several defects. The grey lines are the weld 
geometry. 

4.3.2 Segmentation of Data 
To be able to find and categorise defects in the collected data, it needs to be 
segmented. This means that echoes that diverge from the background noise 
are found and marked as a possible defect. The difficulty lies in finding the 
edges of the echoes since the amplitude decreases with the distance from the 
centre until it reaches the noise level. Another issue making segmentation 
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difficult is the separation of closely located echoes that can, due to the spread 
of the beam, be fused together in the image.  

This problem is usually not handled in NDT since the evaluation is done 
manually, but in medical applications where phased arrays are used to acquire 
3D images, data needs to be segmented to be able to display the 3D data, since 
the background will have to be removed by making it transparent. Otherwise 
the objects of interest will not be visible. There are several ways of doing the 
segmentation including thresholding and edge detection [39]. Segmentation 
can be performed either in 2D or 3D depending on the data. The advantages 
of 3D segmentation is that some objects might not be connected in all 2D 
slices and could therefore be interpreted as several objects. When doing the 
segmentation it is advantageous if the echoes have well defined edges and the 
SNR is high since it will make objects easier to find and define. The pre-
processing of the data is therefore important in order to improve the signal 
and if possible separate objects that appear fused due to the spread of the 
beam. 

4.3.3 Detection 
Automated detection of defects in ultrasound data, in its simplest form, can be 
performed using a threshold value on the amplitude of all signals coming from 
the area of interest. During manual inspection, not only the amplitude is used 
but also other parameters such as size, position and shape of the echoes. Since 
thresholding cannot handle all these parameters, other methods have been 
studied for automated detection. These include expert systems, linear classifiers 
and artificial neural networks (ANN) and are described shortly below. 

An expert system follows a procedure that is similar to that used by an expert, 
in this case a well-trained operator, to interpret the data. The main obstacle to 
rule-based decisions is the uncertainty in the data. One way of handling the 
uncertainty is to use fuzzy logic which was done by Cornwell and McNab 
[40] using 3D ultrasound images reconstructed from A-scans. The fuzzy logic 
do not give a definite answer if a signal is a defect or not, but instead provides 
a value between 0 and 1 that can be interpreted as how confident the system 
is. 

If the parameters of the objects in the data that are used to determine if the 
objects are defects or not are plotted against each other, they sometimes fall 
into groups. If that is the case, linear classifiers [41] can be used to divide the 
groups and separate objects that are defects. 

ANN:s [42] tries to mimic the functionality of the brain and consist of several 
smaller units linked together, each one imitating the functionality of a 
biological neuron. The ANN is trained using training data and during this 
procedure the weights that determine the behaviour of the individual units are 
changed. If the network is trained properly using data that represent the data 
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that will be used during the analysis, it will be able to sort objects that are 
defects from those that are not more reliably than with the use of a threshold 
value. 

These three methods all needs to be trained using training data in order to 
make them work. The training data consists of data that are similar to that 
which will later be analysed, but where defects are marked as such. During the 
training the parameters are selected to minimise the number of incorrectly 
classified objects. 

4.3.4 Sizing of Defects 
Even after echoes in the data have been segmented, most defects cannot be 
sized simply by measuring the size in the image. This is because different types 
of defects behave differently and the size of the received signal also depends 
on the shape of the reflector. Some defects such as pores are commonly sized 
using the amplitude of the signal which is compared to known defects in 
calibration blocks. Cracks can be sized using TOFD by measuring the distance 
between the diffraction echoes from the tips of the crack [4]. 

4.3.5 Positioning of Defects 
The ability to position a defect from the data is highly dependent on how the 
data was collected. When using a mechanised system the position of the probe 
needs to be collected together with the data in a way that each sample can be 
localised. Because of noise, the signal from a defect can be hard to position 
exactly. Bettayeb et al. [43] used wavelets to filter the signal which allowed 
them to position defects to an accuracy of 0.1mm. 

4.3.6 Classification 
Determining what type of defect has given rise to an echo in an ultrasound 
signal can be difficult. What distinguish one type of defect from another in the 
data can be things such as the shape of the defect, position within the weld 
and size, but also some properties of the ultrasound wave itself. Several 
properties of the echo therefore need to be taken into consideration to be able 
to classify a defect correctly. One technique that is useful for the classification 
of defects is to construct a 3D image out of the sector scans; this will give a 
better understanding of the shape of the defect and will help in the 
classification. Since some weld defects tend to appear more commonly in 
certain regions of the weld it is Important to know the weld geometry so that 
the edges of the weld can be overlaid onto the data and used during the 
evaluation. The position and shape of the weld can either be known if the 
probe position and weld geometries are known exactly, or it might be 
detected from the data itself. An attempt at detecting the weld geometries can 
be found in Paper B where the phase of the signal is used to detect corners. 
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Since different defects behave differently the reflected signal will differ 
depending on the defect type; it might therefore be possible to classify defects 
by analysing the frequency spectra and the shape of the reflected echo and to 
separate defects from noise [4].  

4.3.7 Attempt at automatic analysis 
An attempt of automatic analysis of phased array ultrasound data has been 
performed, using some of the methods previously presented. The data was 
acquired from two welds, containing several pores, by scanning the probe 
alongside the weld. This was done several times in order to get overlapping 
data. One of these data sets was used as training data and one for validation. 
The images that overlapped were joined by averaging in order to reduce noise 
and improve image quality. These improved images were then joined together 
to form a 3D image, similar to the one in Figure 22, that was then segmented. 
The segmentation was performed by first locating local maxima in the 
volume. These points were then grown into objects by enlarging them until 
they came in contact with a second object or the amplitude reached a 
threshold value. The parameters: amplitude, volume length and distance from 
the centre of the weld were then gathered for all objects. Linear classifiers 
were used to classify objects as defect or not defect. The training data was 
analysed manually and the objects corresponding to defects were marked as 
such. The two parameters of importance for the classification was in this case 
the distance from the weld centre and the amplitude. After the system had 
been trained using this data set for these two parameters, the validation data 
set was used as input into the system. This set contained 200 objects and 20 
were accurately classified, 17 were misclassified and in total it missed 7 defects. 
The small training set and the low quality of the images were determined to 
be contributing factors to the large number of misclassifications and missed 
defects. 
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5. Conclusions and Future Work 

All welding processes produce weld defects, and because a move towards 
thinner and lighter products the demands for defect free welds increase. This 
leads to an increased need for weld inspections. It is desirable that the testing is 
performed automatically to increase reliability, quality and speed, but this 
presents some problems both in terms of mechanising the testing and 
automating the analysis. 

The automation of non-destructive testing of welds is a large area of research 
that needs to be split into smaller problems to be solved individually. These 
problems are presented and in several cases also possible solutions, while for 
others more work needs to be done. All of the presented problems need to be 
overcome to have a general automated system for the inspection of welds.  

In this work the main focus has been on phased array ultrasound as the 
method to be automated, after several NDT methods had been compared in 
Paper A. The methods compared in this comparison were phased array 
ultrasound, radiography, eddy current, thermography and shearography. The 
two methods that found the most defects were phased array ultrasound and 
radiography. By comparing the SNR for the defects detected by these 
methods, ultrasound was deemed to be the best alternative for automated 
inspection of welds. Thermography was, in this study, the only method that 
could find all surface notches and could be used as a compliment to ultrasound 
for surface defects. 

One of the problems in automatic analysis, the positioning of the data, was 
partly solved in Paper B, where the phase of the signal was used to find 
corners in ultrasound signals. This method can be used to locate the weld if a 
corner is created by the bottom and side of the plate and will then help in the 
classification of defects.  

The future work will focus on analysis of phased array ultrasound data. The 
main problems to be solved are pre-processing to improve the image quality, 
detection and classification. If the image quality is improved, the possibility to 
detect and classify defects automatically will be improved. It will also simplify 
segmentation, sizing and positioning. Work has started using deconvolution to 
improve the image quality. Early results look promising and will be continued 
by improving the point spread function and method in order to achieve the 
desired result. Since several other methods exist that has a similar goal but 
different approach, a comparison of these methods will be performed to find 
the one that gives the best result. The use of the frequency spectrum of the 
signal to classify a defect is an interesting method that needs to be evaluated. 
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This method could possibly also be used to determine the size of defects and 
could be used to solve parts of the detection problem. All this together will 
improve the ability to perform automated non-destructive testing of welds, 
even though it might not be possible to construct a fully automatic system for 
analysis of phased array ultrasound data. 

More work will also be done using thermography to continue developing the 
method for finding surface defects. Real cracks in welds have now been 
created in order to test the method on real defects. During the testing of the 
surface notches a pulsed IR laser was used. Tests will soon be performed using 
a short high energy flash instead. 
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6. SUMMARY OF APPENDED PAPERS 

Paper A: Comparison of NDT-methods for automatic inspection 
of weld defects 

By: Patrik Broberg, Mikael Sjödahl and Anna Runnemalm 

Summary: Five different non-destructive testing methods were 
compared for their ability to be used for automated 
inspection of welds using real and artificial weld defects. 

Conclusions: The method most suitable for automated analysis of 
welds was found to be phased array ultrasound. 
Thermography was found to be the best method for 
detecting surface notches. 

Contributions: Broberg: Developed the defects, experimental planning, 
some of the testing, analysed results, main author. 

 Sjödahl: SNR comparison method, contributed to 
writing.  

 Runnemalm: Idea for article, Ideas for defects, helped 
with experimental planning, contributed to writing. 

Paper B: Improved Corner Detection by Ultrasonic Testing using 
Phase Analysis 

By: Patrik Broberg, Anna Runnemalm and Mikael Sjödahl 

Summary: The phase of phased array ultrasound data was analysed 
to distinguish corners from other echoes.  

Conclusions: The ability to find and accurately position a corner is 
improved by using the phase instead of the amplitude of 
the signal. 

Contributions: Broberg: Idea for article and method, data gathering, 
implemented method, main author. 

 Runnemalm: Contributed to writing, support 
developing method. 

 Sjödahl: Idea for method, support interpreting results.  
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Comparison of NDT-methods for 
automatic inspection of weld defects 

Abstract 
The purpose of this study is to investigate different NDT-methods for weld inspection in an objective 
manner. Test objects are produced with known variation of flaws: internal pores, surface and internal 
cracks, toe radius and weld depth. The NDT-methods compared are: phased array ultrasound, 
radiography, eddy current, thermography and shearography. The results show that radiography is 
the better method for volumetric defects in thin plates while ultrasound is better for flat defects and 
thicker, non-flat plates. Thermography was shown to have good surface defect detection abilities. A 
combination of ultrasound and thermography results in a detection of all the non-geometrical 
defects investigated in this study. 

Keywords: non-destructive testing; NDT; weld defects; automatic inspection 

1. Introduction 
This study is the first part of a project aimed at building an automatic inspection cell for continuous 
welds. In order to define the NDT method(s) to be used in the inspection cell, an evaluation of five 
different methods was carried out. 

Automatic inspection of weld quality has become an important issue in order to ensure high quality 
and low manufacturing costs of welded products. It is a well known fact that all non-destructive 
testing techniques have their limitations when it comes to detecting different types of defects and 
the method(s) used is therefore usually chosen with the expected defects in mind. In a fully 
automatic inspection cell, the inspection technique is fixed, even though different types of defects 
are supposed to be detected with high enough probability to ensure the quality of the product. 

Only a few comparisons of different NDT methods have been found in the literature. Often these 
comparisons cover only two or three techniques and are sometimes performed on different test 
pieces. Carvalho et al. (Carvalho et al., 2008) compared radiography, manual ultrasound and 
automatic ultrasound testing on three types of artificial weld defects to evaluate the reliability of 
NDT techniques for the inspection of pipeline welds. Their comparison showed automatic ultrasonic 
inspection to be superior to the other methods. Hung et al. (Hung et al., 2009) compared and 
reviewed thermography and shearography using various samples with artificial and real flaws. Only 
some of their test pieces were inspected using both techniques and all the artificial defects were 
detected with both methods. Reigert et al. (Reigert et al., 2006) reviewed different techniques for 
the inspection of composite structures, including air coupled ultrasound, light, ultrasound and eddy 
current excited thermography and electronic speckle pattern interferometry using real and artificial 
defects. In their review, they inspected each defect with only one or two methods. All methods 
studied were found to be useful for detecting defects, such as delaminations, in composite materials, 
something that can be difficult with conventional techniques such as ultrasound and radiography. 
Another way of comparing different NDT techniques was used by Scott and Scala (Scott and Scala, 



 

 

1982). They reviewed different NDT techniques frequently used on composite materials by making a 
literature study using a large number of articles that each studied one specific method. This approach 
is also used in some books where different techniques are discussed. From such comparisons, 
(Halmshaw, 1991, Maldague, 2001, Raj et al., 2000, Shull, 2002) radiography and ultrasound are 
found to be useful for volumetric defects such as pores, ultrasound is preferable for internal cracks 
and eddy current, penetrant and magnetic particle testing are preferable for surface cracks. 

One way of categorising different NDT methods is to use probability of detection (POD) curves 
(Georgiou, 2006). The POD curves are generated by determining the probability of detecting a certain 
type of defect using a certain NDT technique as a function of the defect size and can be produced 
experimentally or theoretically using simulations (Bullough et al., 2007). When using POD curves to 
compare different techniques for their ability to find a certain defect, one has to take into 
consideration how and when the curves have been produced. POD curves are often produced by 
different people on different test pieces and these differences influence the results. Some of the POD 
curves available are produced decades ago and the development of better equipment renders the 
old curves obsolete. 

In this study we compare five different NDT methods using the same six test pieces containing 
different types of defects. The study includes both steel and titanium plates and covers defects in 
bead on plate welds, butt welds, and T-joints with material thickness from 3mm to 15mm. The NDT 
methods used are phased array ultrasound, radiography, eddy current, thermography and 
shearography. This study used both real and artificial defects. The decision whether to use a real 
defect or an artificial was based on the possibility of producing the defect in a controlled manner 
with respect to size, position, shape and reproducibility. The criteria for the evaluation in this study 
are the ability of the method to detect the different defects used, and also the possibility to 
automatically evaluate the results. 

This article is divided into the following sections: Defects, Experimental procedures, Results and 
discussion and Conclusions. First a description of the different defects, the sizes used and how they 
were produced is presented. In the section Experimental procedures, information about the different 
NDT techniques is found. This includes the equipment used, the experimental setup, including the 
settings of the equipment, how the tests were performed and some examples of experimental data. 
Finally the Results and discussion section contains the analysis and comparison of the data and the 
Conclusions section sums up the most important results. 
  



 

 

 

2. Defects 

 
a) Pore 

 
b) Surface notch 

 
c) Internal flat defect  

 
d) Lack of penetration 

 
e) Toe radius 

 
f) Lack of penetration in T-joint 

Figure 1 Schematic drawings of the six different weld defects 

The six types of defects used in this study are shown in Figure 1. Four of the defects were produced 
in an artificial way, and two of them were real defects. The artificial defects were pores (a), surface 
notches (b), internal flat defects (c) and lack of penetration in T-joints (f). The real defects used were 
lack of penetration (d) and varying toe radius (e). A presentation of the different defects and how 
they were produced are found below. The defects were chosen to cover a wide variety of common 
weld defects in the mechanical production industry. In cases a) to c) in Figure 1 the primary goal is to 
detect the defect in the weld, while in cases d) to f) there is a weld parameter that needs to be 
measured to determine if the weld is good or not with respect to strength and fatigue. 

2.1 Artificial pores 
When comparing different methods using artificial pores, it is important that the defects have a 
predetermined size and position and that their shape is as close as possible to a real pore. One way 
to achieve this is suggested in Figure 2. 

First a plate is prepared for the weld. In this study, a bead on plate weld was used and the plate only 
needed to be cleaned, see Figure 2a). Secondly, Figure 2b), an initial weld bead was produced on the 
plate to ensure that the cavity would be inside a welded material. Holes, that later become pores, 
were then drilled into the weld to a depth dependent on the required position of the pore, see Figure 
2c). Finally, the holes were covered up to become cavities with a second weld bead, Figure 2d). The 
settings for the second weld were determined in advance to make sure the penetration was not 
deeper than the holes and that the holes were not left open. 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 2 The artificial pores were made by a) preparing the plate for the weld; b) welding an initial weld bead; c) 
drilling a hole into the weld; d) welding a second weld bead on top of the hole, closing it to form a cavity. 



 

 

The resulting cavity had a bottom that is shaped like the tip of the drill and a top that was flat, 
curving inwards or outwards, depending on the size of the hole and the welding parameters. Artificial 
pores produced in this way tend to be cylindrical in shape with a spherical or conical bottom, 
compared to real pores that are more spherical. 

The defects used in this study were produced in a 3mm steel plate with diameters 0.3mm, 0.6mm 
and 1.2mm using laser welding without adding any material during the welding process. All pores 
were produced on the same plate in one weld at a depth of 1mm. There were a total of nine artificial 
pores, three of each size. 

2.2 Surface notches 
Surface notches were used as a substitute for surface cracks since notches can be made with 
predetermined geometries and positions as opposed to real cracks that are hard to specify in size, 
shape and position. The notches were produced using electrical discharge machining in a butt weld 
on a 3mm thick titanium plate. The notches were 0.1mm in width and between 0.25mm and 1.5mm 
long with a depth corresponding to half the length. A total of twelve notches were produced in one 
weld, with sizes 0.25mm, 0.5mm, 0.75mm, 1.0mm, 1.25mm and 1.5mm, two of each size. The 
notches were situated lengthwise along the side of the weld and in the region between the weld and 
the heat affected zone, one of each size in each position. 

Notches differ from cracks in shape. Many cracks are narrower than the notches and have sharper 
ends. Although notches are not cracks, they are long, narrow and surface breaking. Just like real 
cracks, notches are generally easier to find with NDT techniques that are suitable for detecting 
surface defects. 

2.3 Internal flat defects 
To emulate internal cracks, internal flat defects were used. The production of the internal flat defects 
is described in Figure 3. Two steel plates with milled sides were welded together (butt weld) from 
both sides using a high power laser without filler. The schematic 3D view in Figure 3a) shows the 
resulting welded plate with two cross sections marked. The cross sections before and after the 
welding are seen in Figure 3b) to d). Figure 3b) and d) show the cross section (A-A) perpendicular to 
the weld and Figure 3c) and e) the cross section (B-B) along the weld. By controlling the power 
output of the laser, an area where the plates are not joined was produced; this is called an internal 
flat defect. The final internal flat defect is shown in Figure 3e. The size and position of this internal 
defect are controlled by changing the welding parameters. The distance between the plates was 
measured to be about 15μm using destructive testing on early samples.  
  



 

 

 
a) 3D view 

 
b) Cross section A-A before 

welding 

 
d) Cross section A-A after 

welding 

 
c) Cross section B-B before 

welding 

 
e) Cross section B-B after 

welding 

Figure 3 How the internal flat defects were made. a) Shows a schematic 3D view of the welded plate where the 
crossections (A-A) and (B-B) shown in b) to e) are drawn as dotted lines. b,c) The plates were milled to give two 
smooth planar sides. d,e) The plates were welded together and the power of the laser was lowered momentarily 
to produce an area without joining. 

The flat defects were made in one butt welded 3mm thick steel plate and were 5mm, 10mm and 
15mm long, 1mm high and located in the centre of the weld. 

2.4 Lack of penetration 
A real lack of penetration defect was created since the defect was considered reproducible to a high 
enough accuracy. The lack of penetration was formed in a butt welded 3mm thick steel plate using 
laser welding. The penetration depth was controlled by changing the power of the laser. First one 
plate was made and the penetration depth measured with destructive testing before the final one 
was made. The final weld was produced with three different penetration depths: 2.8mm, 2.5mm and 
2.2mm. 

2.5 Toe radius 
Toe radius is not a traditional defect, but a measure of strength and fatigue. Some industries tend to 
use toe radius as a measure of weld quality. In a weld inspection cell a method having the capability 
to measure both traditional defects and the toe radius can be essential. 

Test plates with different toe radii were produced on MIG welded T-joints in 15mm steel plates. The 
toe radius was measured using a mechanical measuring method. A weld with a toe radius of 1mm on 
one side and 6mm on the other was chosen for this study. 

2.6 Lack of penetration in T-joints 
To simulate lack of penetration in a T-joint, the defects were made completely artificially without 
welding. A steel block was milled into the T-shape with the shape of a weld on one side. On the 
opposite side of the weld, a thin groove was cut to emulate the lack of penetration in the weld. 

The resulting test piece had a thickness of 14mm and the grooves were 2mm wide, between 7mm 
and 11mm long and 4mm, 7mm, 11mm and 15mm deep. 

2.7 Summary of defects 
Table 1 shows a summary of the test pieces and defects used in this study. In total the study covers 
33 defects in bead on plate welds, butt welds and T-joints. The materials in the tested plates were 
either steel or titanium and the plate thickness varied from 3 to 15 mm. 
  



 

 

Defect type Artificial 
pores 

Surface 
notches 

Internal flat 
defects 

Lack of 
penetration 

Toe radius Lack of 
penetration 
in T-joints 

Defect sizes 0.3, 0.6 and 
1.2mm in 
diameter 

0.25, 0.5, 
0.75, 1.0, 
1.25 and 
1.5mm in 
length 

5, 10 and 
15mm in 
length 

2.2, 2.5 and 
2.8mm in 
depth 

1 and 
6mm 

4, 7, 11 and 
15mm in 
depth 

Number of defects 9 12 3 3 2 4 

Weld shape Bead on 
plate 

Bead on 
plate 

Butt weld Butt weld T-joint T-joint 

Material Steel Titanium Steel Steel Steel Steel 

Plate thickness 3mm 3mm 3mm 3mm 15mm 14mm 

Table 1 Summary of defects and test pieces. 

3. Experimental procedures 
Five different NDT methods were used in this study: phased array ultrasound, radiography, eddy 
current, flash thermography and shearography. Below is a short introduction to these techniques and 
a description of the equipment used and settings. 

All six different defects described above were inspected using the five NDT techniques to give a fair 
comparison of the possibilities of each method. To ensure that the inspections were performed as 
correctly as possible, all experiments were carried out by, or with, experienced operators using 
modern equipment. To ensure that the inspections were executed under conditions as close to a real 
test as possible, all experiments were blind tests. The operators did not know the distribution or 
number of defects beforehand, but they were given information concerning the type of defect and 
the span of sizes in order to be able to use the equipment that is best suited for finding the specific 
type of defect. 

Of the five NDT techniques used, three are commonly used in inspection of welds: phased array 
ultrasound, radiography and eddy current. There are many other NDT techniques that are used on 
welds, e.g. penetrant testing and magnetic particle testing. The reason that these techniques were 
not included in this comparison was because they have a limited area of application and low ability to 
be automated. The other two techniques included in this study, flash thermography and 
shearography, are not normally used as NDT methods for welds. Both techniques are non-destructive 
and non-contact that are used mainly for composites and ceramics. They were included in this 
comparison because they are non-contact and have a potential for automatic inspection. 

3.1 Phased array ultrasound 
Ultrasound in non-destructive testing of welds usually means sound waves in the frequency range of 
several MHz. An ultrasound system might have one transmitter and one receiver or, as is often the 
case, one transducer that both sends out a pulse and listens for the echoes (Shull, 2002). A phased 
array probe consists of several ultrasound elements close together that can be set off in sequence, 
allowing the operator to steer, scan and focus the beam. Because of the ability to steer the beam, 



 

 

the method can produce a cross section of the weld without moving the probe (Azar et al., 2000, 
Drinkwater and Wilcox, 2006). 

The equipment used in this investigation was a “Phasor XS portable phased array ultrasonic flaw 
detector” built by “GE Sensing & Inspection Technologies” with three different probes. The 
inspection of the butt welds and bead on plate welds was performed with an angled 16 element, 
0.31mm pitch probe operating at 10MHz (which corresponds to a wavelength of 0.6 mm in steel). 
The probes used for the T-welds were vertical, one with 64 elements, 1mm pitch operating at 5MHz 
and one with 32 elements, 0.5mm pitch operating at 7.5MHz. 

The phased array ultrasound tests were carried out by scanning the ultrasound transducer by hand 
along the weld. An ultrasound gel was used to get good acoustic coupling between the probe and the 
test piece. Defects were marked on the test piece by the operator and the data at that point was 
stored for later analysis together with a scan of the whole test piece. The thick T-joints were scanned 
with a vertical array probe and the scan was recorded. The scanning of the probe was done on the 
top side of plates a) to d) in Figure 1 with the probe next to the weld, and from the back side on test 
pieces e) and f) with the probe just below the weld. 

 

Figure 4 Phased array ultrasound sector scan showing an artificial pore. 

Figure 4 shows a typical result from a phased array ultrasound sector scan. The scan was made by 
sweeping the angle of the beam by 20° and plotting the time-amplitude signals for the different 
angles in a sector. Time is plotted in the radial direction and larger amplitude is shown as a darker 
colour. The dark line in the middle of this figure indicated by the arrow is the response from a 1.2mm 
pore. 

3.2 Radiography 
Radiography uses an X-ray or γ-ray source to generate high energy photons. These rays irradiate onto 
the object under inspection and, depending on the thickness and the material, some will pass 
through the object to be detected by a detector placed behind the object. The detector is usually a 
2D detector that converts the X-rays into an optical or digital image (Shull, 2002). 



 

 

The detector type used in this survey was high resolution photostimulable phosphor plates made by 
AGFA with sizes 20cm by 25cm and 35cm by 43cm. These plates were scanned using a GE CRx-flex 
scanner resulting in 16-bit greyscale images with a size of 4656x3456 pixels or 8496x6960 pixels. The 
X-ray source used was a Phoenix 225D microfocus source operated between 10kV – 225kV and up to 
3mA. The exposure time used was between 1 and 5 minutes depending on the thickness and the 
material. 

During the radiographic tests, the test object was placed at a distance of about 1.5m from the X-ray 
source with the detector plate directly behind the object. The thin plates were parallel to the 
detector while the thin T-joints were angled 45° to reduce the amount of material the photons had 
to penetrate before reaching the defects. The welded plates were equipped with standard image 
quality indicators to ensure that the result was of sufficient quality. 

 

Figure 5 Radiographic image showing three artificial pores with the sizes 0.3mm, 0.6mm and 1.2mm. 

An image from the plate with artificial pores is seen in Figure 5. Artificial pores of three sizes are 
visible in this figure as white dots. If the artificial pores were to be compared with real pores it can be 
seen that the edges of the two largest pores are sharper than they would be for real pores. 

3.3 Eddy current 
Eddy current testing uses the fact that an alternating current will give rise to an alternating magnetic 
field and vice versa (Buckley, 2008). During an eddy current inspection, a probe containing a coil with 
an alternating current is passed over the surface of the test object, giving rise to eddy currents on the 
surface of the object due to magnetic induction. This induced current will also create a magnetic field 
that may be detected in the coil as a change in inductance or in a secondary coil. If there is a defect 
that influences the induced current in the material, for example a surface crack perpendicular to the 
current, this will be sensed as a change in the signal (Raj et al., 2000). 

The equipment used in this investigation was a Zetec MS5800 using frequencies between 100kHz and 
800kHz. The probe used was an absolute probe with a 3mm coil that was scanned along the welds 
collecting 20samples/mm. 

The eddy current testing was performed by scanning the probe along the surface of the welds while 
the signal was monitored for possible defects. The weld containing surface notches was also scanned 
using a mechanized system that recorded the data during the scan. 



 

 

 

Figure 6 Result from one of the scans along the weld with surface notches. The magnitude of the signal is shown 
along the weld, and the arrows indicate detected defects. 

One result from the eddy current testing of the plate with surface notches can be seen in Figure 6. 
This is one of several scans that were made of the weld since the probe did not cover the whole 
weld. The peaks in the amplitude indicate the presence of a defect and it can be seen that the 
amplitude decreases to the left were the defects gets smaller. The reason for every second peak 
having a lower amplitude is that the defects were situated both in the weld and in the region 
between the weld and the heat affected zone. The surface notches that were not directly 
underneath the probe gave a weaker response. 

3.4 Flash thermography 
There are multiple types of thermographic techniques in use (Maldague, 2001) and they are usually 
categorised by the method of supplying the heat. Various ways of analysing the resulting data to 
increase the sensitivity of the technique are also in use (González et al., 2006, Omar and Zhou, 2008). 
In flash thermography a short, high intensity light pulse, such as a laser or flash lamp, is used to heat 
the specimen as shown in Figure 7. The length of the pulse can be anywhere from a couple of 
seconds for materials with low thermal conductivity such as plastics, polymer composite materials 
and wood, down to a few microseconds for metals. The pulse will heat the surface of the specimen 
and a high speed IR camera is used to observe how the temperature at the surface varies with time.  

The difficulties in using this method on metals relates to the difficulty to couple enough energy into 
the inspected material and to be able to detect the weak signal generated from a defect. In this test, 
high power pulsed infrared lasers were used to heat the surface of the welds. The difference in the 
cooling speed between an area with and without defects was detected. One of the major problems 
with using lasers as a heat source is that the absorption coefficient varies on the weld surface due to 
oxides and other contaminants. An alternative technique that can be used to supply energy is to use 
strong eddy currents, which have been shown to be able to detect sub-surface cracks (Tsopelas and 
Siakavellas, 2006, Zenzinger et al., 2005). However, that technique is not tested in this study. 



 

 

 

Figure 7 Experimental setup of the thermography testing. 

The equipment used in this comparison was a FLIR SC 4000 infrared camera sensitive between 3μm 
and 5μm with a resolution of 160x120 pixels when run at 800Hz. The heat source was an Nd:YAG 
laser with a wavelength of 1064nm, pulse length of 1-20ms and a pulse energy of 1-20J. The focus of 
the laser was adjusted to give a spot size on the test piece with a diameter of 1cm. In front of the 
camera was an optical filter used to block out direct reflections from the laser that could otherwise 
damage the detector in the camera. 

The setup for the thermography testing can be seen in Figure 7. The distance between the camera 
and the test object was 0.3m and the angle between the laser beam and the camera was 30°. The 
plates and T-joints were angled to get the normal of the weld pointing between the camera and the 
laser. The welded plate was mounted to make it possible to move along the direction of the weld 
between the firing of the laser. Before heating the test piece, it was ensured that nothing was in 
contact with the backside of the weld to avoid the heat being transported through the contact 
points. The laser heated the test piece with one pulse when triggered and at the same time the 
thermal camera started recording the temperature on the surface of the weld. 

 

Figure 8 A thermographic image showing a 0.5mm long and <0.1mm wide notch, the weld covers the entire 
image and is 6mm in width. The image is taken approximately 70ms after the laser pulse. 

A thermographic image of one of the smaller surface notches can be seen in Figure 8. The defect is 
shown as a lighter area in the bottom centre of the image. The larger light grey area that covers 
almost the whole image is the area irradiated by the laser pulse. The diffuse horizontal line in the 



 

 

middle of the image is the centre of the weld. The width of the weld is approximately the same as 
the height of the image. 

3.5 Shearography 
Shearography is a coherent optical method used, among other things, for detecting flaws in 
composite materials (Hung and Ho, 2005). The set-up used in this study is shown in Figure 9. The 
object is illuminated by a continuous wave frequency doubled Nd:YAG laser. The light reflected off 
the object is imaged by an objective lens and split into two arms in a Michelson interferometer. One 
of the arms is sheared using a tilted mirror and is then recombined with the light from the arm with 
the phase stepping mirror to form an interference pattern that is detected using a CCD camera. The 
object is then disturbed and a new image is captured. Using these two images, a phase image 
showing the derivative in the shear direction of the out-of-plane displacement caused by the 
disturbance is produced. The test object needs to be disturbed in a way that makes the defects 
visible by the shearography system, for example with a mechanical load, heat, vibrations or vacuum. 

 

Figure 9 Schematic setup of the shearography experiment. 

In this study, the test piece was heated using hot air from a heat gun for approximately 30 seconds in 
between the two images to make the plate expand and reveal the defects as a disturbance in the 
expansion due to different thermal and mechanical properties. The angle between the incoming laser 
light and the reflected light going to the detector was about 30°. The plates and T-joints were tilted 
to make the angle for the incoming and reflected light as close to equal as possible. The test piece 
was fastened in one of the corners and was heated from behind using hot air, which increased the 
temperature in the test piece by approximately 10°C. 



 

 

 

Figure 10 Shearographic image showing one of the internal flat defects as a change in thermal expansion 
compared to the rest of the weld. 

Figure 10 shows filtered data from the shearographic test of the weld with the internal flat defects. 
The shearing direction was set to vertical. The different greyscales show the derivative of the 
movement of the plate due to thermal expansion. The internal flat defect, indicated by the arrow, 
can be seen as an interruption of the horizontal pattern crossing the image. 

4. Results and discussion 
The results from the investigation were analysed both qualitatively based on the statements of the 
operators and quantitatively based on the quality of the images produced. The results from the 
operators are summarised in Table 2, where a filled rectangle indicates a successful detection of the 
defects summarized in Table 1. 
  



 

 

Type of 
defects 

Sizes of defects 
[mm] 

Defect detection by the different NDT methods 

Gray = detected, White = not detected 

Radiography Ultrasound Eddy current Thermography Shearography 

Pores 

ø=0.3    ** ** **          

ø=0.6                

ø=1.2                

Surface 
notches 

l=0.25           

l=0.5           

l=0.75           

l=1.0           

l=1.25           

l=1.5           

Internal flat 
defects 

l=5      

l=10      

l=15      

Lack of 
penetration 

d=0.8  *    

d=0.5  *    

d=0.2  **    

Toe radius r=1 r=6           

Lack of 
penetration 
in a T-joint 

d=4 d=7           

d=11 d=15           

Total 33 25 (76%) 25 (76%) 13 (39%) 12 (36%) 3 (30%) 

Table 2 Results showing the number of defects detected by each method; a grey square represents a detected 
defect and a white square, a defect not detected. The size for the defects on that row is indicated in column 2, ø 
is the diameter, l is the length, d is the depth and r is the radius.  
*) Could be detected but not measured. 
**) Was found during analysis of the result but not by the operator. 

A general trend was found in the results; if any defects were not detected it was almost always the 
smallest defects. This is due to the fact that the probability of detection for defects decreases as the 
size of the defect decreases, with all other variables held constant. 

One way of making a quantitative comparison of the ability of the different techniques to 
automatically detect defects is to compare the signal-to-noise ratio (SNR) from each defect. Here the 
SNR is defined as the contrast of the defects compared to the contrast of the background noise 
according to equations (1)-(3). It is assumed that a larger value for the SNR makes the defects easier 
to detect. Mathematically, the SNR is defined as 
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where 
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is the calculated contrast for each data point where I  is the local standard deviation and I  the 

local average intensity. The calculations were done using a square moving sub-window of width 2N+1 
centred around the current value. The standard deviation was calculated according to 
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 where ijÎ is the pixel value of an inclined plane fitted to the intensity values ijI  within the sub-

window. The average intensity in equation (2) is taken to be 00ÎI . BackgroundC  was calculated 

once from an area with no defects with as large value of N as possible while the sub-window size 
used to calculate DefectC  varied between 7 and 25 pixels depending on the technique used. The 

actual sub-window size was chosen manually as a compromise between spatial resolution and 
reliability. Since the eddy current testing didn’t generate images, a 1-dimentional version of equation 
(3) was used to calculate the contrast for that data. In the results presented in Figures 11-15 the 
maximum contrast value within the defect was used to plot the curves. 

4.1 Artificial pores 
As can be seen in Table 2, the operators only detected the pores with radiography and ultrasound. 
Eddy current, thermography and shearography all failed to detect the pores because they were too 
small and located too deeply into the material. All pores were detected using radiography and with 
ultrasound the smallest pores detected by the operator were 0.6mm in diameter (which equals the 
wavelength). The 0.3mm pores were not detected by the operator using ultrasound. 



 

 

 

Figure 11 Signal to noise ratio for the inspections of the artificial pores. A thick marker means that the defects of 
that size were detected by the operator. 

Figure 11 shows the calculated SNR curves for the different techniques as a function of the pore 
diameter. It is seen that the response of the radiography images drop off rapidly as the size of the 
defect decreases, while the response for the ultrasound remains relatively unaffected by the pore 
size. It is also seen that the SNR for the other techniques are undistinguishable from noise 
independent of defect size. Even though the SNR for the smallest pores is relatively large in the 
ultrasound results, they were missed by the operator during the inspection. The reason why the 
smallest pores were not found during the inspection is probably because the amplitude of the signal 
response from these pores was close to the background. The smallest pores were found when the 
time of flight data was analysed; although the amplitude of the signal was close to the background 
noise it arrived earlier than the background and could therefore be identified as a defect. The SNR 
curve is made from a merge of the time of flight data and the amplitude data. 

4.2 Surface cracks 
Returning to the operator results in Table 2 and the surface notches rows, it is seen that surface 
cracks were detected using all techniques except shearography, but only thermography was able to 
detect all the cracks. The ultrasound inspection detected about half of the defects with the smaller 
ones being missed. Radiography could not detect the smallest notch due to the size and shallow 
depth. The smallest detected notch was 0.5mm long and according to the operator, it was only 
detected because it was expected to be there. Eddy current was able to detect all the notches except 
the smallest ones due to the shallow depth. 



 

 

 

Figure 12 Signal to noise ratio for the inspections of the surface notches. A thick marker means that the defects 
of that size were detected by the operator. 

Figure 12 shows the calculated SNR curves for the different techniques as a function of the notch 
length. It is seen that the SNR for the thermography data is always at least twice as high as for any 
other technique, independent of notch size. The SNR for the eddy current technique is also relatively 
high but drops off rapidly for the smaller notches. The reason for this drop is the sensitivity of the 
technique to notch depth. In contrast, the sensitivity of the thermography technique is more 
sensitive to notch width. As the width was kept constant during the tests, the result is a less dramatic 
drop towards smaller notches for the thermography technique as seen in Figure 12. All of the other 
techniques show relatively poor performance, although both radiography and ultrasound give a 
significant response for the largest notch. The SNR for ultrasound is low because it is difficult to 
detect defects close to the surface using this technique, especially when the defects are small. 

4.3 Internal flat defects 
All of the internal flat defects were detected by the operators using ultrasound, eddy current and 
shearography during the inspection. The 10mm long defect was wider than the others and this defect 
could therefore also be detected using radiography. Just like real cracks, the fabricated internal flat 
defects are very narrow and are therefore generally difficult to detect using techniques such as 
radiography. No defect of this type was detected using thermography. 



 

 

 

Figure 13 Signal to noise ratio for the inspections of the internal flat defects. A thick marker means that the 
defect was detected by the operator. 

Figure 13 shows the SNR curves for the inspections of the internal flat defects as a function of the 
defect length. It can be seen that the SNR values for eddy current and ultrasound are almost identical 
over the set of defect lengths, while the SNR values for shearography are significantly lower despite 
its detection success. The reason for this discrepancy is that a defect will show up as an interruption 
in a pattern using shearography rather than a contrast, as is obvious from Figure 10. This interruption 
is rather easily detected by an experienced operator but will cause no significant change in the 
contrast image. During the tests the 10mm defect was slightly wider than the others resulting in 
larger values for that defect for most techniques. For the radiography image, the increase is 
dramatic. This indicates, as expected, that the SNR value is related to not only the length, but also 
the width of the defect. 

4.4 Lack of penetration 
All three lack of penetration defects were found and measured using radiography and two of the 
defects were detected using ultrasound, but the depth could not be determined by the operator due 
to the thin plate and the small differences in penetration depth. With some modifications of the 
method used, it is likely that an estimate of the depth could be determined. The other three NDT 
techniques could not detect the lack of penetration in the weld. 



 

 

 

Figure 14 Signal to noise ratio for the inspections of the lack of penetration defects. A thick marker means that 
the defect was detected by the operator. 

Figure 14 shows the SNR for the lack of penetration defects as a function of defect depth. Even 
though the SNR for the ultrasound inspection is larger than for the radiography inspection, it was 
only possible to detect the defects, not measure them. It is also seen that the values for the 
radiography technique all are low and only just undistinguishable from noise. The reason is that the 
technique is more sensitive to the defect width than its length and since the width was kept 
constant, the variation with length becomes small. The situation is similar to that of the internal 
cracks discussed above. 

4.5 Toe radius 
Measurement of the toe radius was not possible with any of the compared methods. The toe radius 
is a geometric surface property that is preferably measured using a mechanical or optical system, 
such as stereo vision (Eriksson, 2008). Measuring the toe radius using radiography is thought to be 
possible but due to the thickness of the material, and the fact that the weld was angled towards the 
X-ray source with the plates 45° away from the source, the weld and its radii are not visible in the 
images. If the plates in the T-joint were perpendicular to the rays, it might be possible to image one 
toe radius at the time and possibly be able to measure them. This method may not be practical in 
some production lines as the exposure time for one image is 300 seconds. 

4.6 Lack of penetration in T-joint 
For finding the lack of penetration defects in T-joints, ultrasound was shown to have the highest rate 
of detection as it was able to find all the defects. Radiography was only able to detect the two largest 
defects due to the thickness of the plate and the geometry. The other three methods could not 
detect any of the defects due to the thickness of the material. The detected defects could be 
measured in both the ultrasound and radiography data as long as the thickness and geometry of the 
welded plates were known. The SNR curves are shown in Figure 15 as a function of defect depth. It is 
seen that ultrasound is the only technique with an SNR significantly different from noise for all the 
defects. The SNR for ultrasound is lower in the two largest defects because the edges are not as well 



 

 

defined in the data which results in lower contrast and also a less exact measure of the depth. With 
reference to Table 2, it is seen that the operator was able to detect a defect for the two largest 
defects using radiography although the SNR values differ only slightly from the noise level. Although 
this investigation was performed as a blind test, is it doubtful that such a performance could be 
repeated with a high reliability in a production environment. 

 

Figure 15 Signal to noise ratio for the inspections of the lack of root penetration. A thick marker means that the 
defect was detected by the operator. 

5. Conclusions 
The aim of this comparison was to find one or several NDT methods that could be used for 
automated NDT of welds. Blind tests of six different defects were used as an evaluation of five 
different NDT methods. These methods were phased array ultrasound, radiography, eddy current, 
flash thermography and shearography. The measure used to compare the different techniques were 
the signal to noise ratio (SNR) for the contrast in the data. The result from this comparison is close to 
the result that was expected from literature, although the thermography result for surface defects 
was not expected. The experiments were performed by or with experienced operators. 

The test objects were produced with known defects: internal pores, surface notches, internal flat 
defects, toe radii and lack of penetration in two different weld types. According to the operators, the 
artificial defects gave results that were comparable with real defects, although some differences 
were observed. The edges of the artificial pores were sharper than the edges of real pores. The 
surface notches were wider than some real surface cracks, which meant that they were easier to find 
with radiography. The internal flat defects were meant to emulate internal cracks, and just like the 
cracks they were hard to find with radiography due to their width. They were however detectable 
with other techniques that could find cracks of a similar size. The defects used are therefore assumed 
to be good enough for this type of comparison as long as the difference from real defects is known. 

The techniques that are the most versatile and able to detect most defects are radiography and 
phased array ultrasound. The SNR-values were used to determine which of these techniques are 



 

 

most suitable for automated analysis of the results. Ultrasound was found to give the same or higher 
SNR than radiography for all defects except for large pores. 

Neither radiography nor ultrasound was particularly suitable for detecting surface notches; the SNR 
values were low for all but the largest defects. Thermography and eddy current were found to be 
suitable for detecting surface defects. The SNR for thermography was on average 3 times as large as 
that for eddy current and only thermography was able to detect the smallest defects. The use of 
thermography to detect cracks in concrete structures has been reported before (Sham et al., 2008). 
Due to the large difference in absorption and emission between metal and a crack when using 
infrared light, the technique should give better results for cracks in metal than in concrete. The tests 
with thermography on surface notches show promising results but the technique also needs to be 
tested on real cracks that differ from notches mainly in width. The investigation concludes that the 
use of both ultrasound and thermography during the inspection would detect most of the defect 
types in this study. 

No clear lower SNR limit between what was detected and not detected by the operators could be 
found. At a manual inspection the defects are sorted from the background noise not only by SNR but 
also by their size, geometry and position. During an automated analysis, a threshold value could be 
set on the SNR to find defects; the threshold would have to be larger than the variations in the 
background but small enough to include most defects. A threshold value of 2 for an automated 
inspection of the ultrasound SNR data in this study would result in the detection of 22 defects as 
compared with 25 during manual inspection. The defects that would be missed are the surface 
notches that could instead be detected by thermography were all surface defects had a SNR larger 
than 2. The same amount of defects that were found by the operators using ultrasound combined 
with thermography could be detected automatically using a SNR threshold of 2. However, further 
work needs to be performed to find a suitable SNR threshold value and the correct size of the 
window for calculating the contrast. 
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Abstract 
In ultrasonic testing, corners are used as a known reference point for calibration while measuring the 
sound velocity in the material, and as a known reference point during testing. A 90° corner will 
always reflect incoming waves in the opposite direction due to a double reflection and therefore give 
a strong echo. This article presents a method for separating the echo from a corner from other 
echoes and more accurately find the position of the corner. The method is based on analysing the 
phase of the reflected signal. The proposed method was tested on a steel calibration block and the 
width of the indication was reduced by 50% compared to the amplitude signal. This results in a more 
accurate positioning of the corner and accordingly, a more accurate calibration. Using the phase 
instead of the amplitude will also improve the reliability, since reflections other than from corners 
will disappear. 
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1. Introduction 
Ultrasonic testing is a technique that is commonly used in industry to find internal defects and for 
thickness measurements [1]. During calibration of ultrasound equipment for non-destructive testing 
it is common to use corners to measure the speed of sound in the material if an angled probe is used 
[2]. The sound speed is acquired by measuring the time of flight of a sound pulse in a calibration 
block with known thickness. Corners can also be useful during testing; when inspecting for example a 
weld, a corner can be used as a known reference point to locate the weld in the results and thereby 
help classifying defects by their location. Some defects, such as lack of penetration in welds, will also 
create a corner due to their geometry. Improving the response from corners would result in a more 
accurate measure of the sound speed and the possibility of detecting, classifying and determining the 
size of certain defects will increase. The possibility to distinguish between reflections from corners 
and other reflections would also make it easier to use corners as reference points during testing and 
evaluation of the results. An important issue when it comes to automatic inspection and evaluation 
of weld defects. 

Normally only the amplitude of the ultrasound wave is considered, but in some cases the phase can 
provide additional information and therefore be of use. The phase of the signal have previously been 
used in medical imaging with ultrasound for edge detection [3] and as a step in a method to improve 
images of bones [4]. The phase of the reflected wave is also used in some industrial applications, 
especially in flight diffraction (TOFD), since it will vary by 180° between the echoes received from the 
two tips of a crack [5]. 



 

 

In this paper we investigate the possibilities of using the phase of the received ultrasonic pulse for 
determining the origin of the echo, in particular if the echo is from a single reflection or a double 
reflection that will occur at a 90° corner. The theory behind the corner reflection and phase shift is 
first presented, together with a method for calculating the phase. The experimental setup used for 
the validation experiment is then shown and after that the results from the experiment are 
presented. Finally, the most important conclusions are presented and discussed. 

2. Theory 
The reflection of a wave at an interface follows Snell´s law. As can be seen in Figure 1, a wave 
propagating against a 90° corner will always reflect back in the same direction as it came from. Since 

 and  and the corner is 90°,  and , where i 
and r are the inclination and reflection angle of the incoming beam and i and r are the inclination 
and reflection angle at the second reflection. 

 

Figure 1: A sound wave reflected from a 90° corner will reflect back in the same direction as it came 
from independent of the inclination angle, i. The distance a is the distance from the corner to the 
point where the beam hits the bottom, and d is the lateral shift parallel to the surface. 

The returning wave will be shifted laterally by a distance  at the surface of the block, that can be 
calculated from the geometry to 

       (1) 

where  is the lateral distance between the corner and the point where the beam hits the bottom, 
see Figure 1.  and  are always positive since only the magnitude of the shift is of interest. 

A pressure wave propagating in a medium, with acoustic impedance Z1, that encounters a second 
medium perpendicular to the beam with lower acoustic impedance, Z2, will be partly reflected with a 
180° phase change, as is the case of a sound wave propagating from metal into air. The reflection 
coefficient is given by 

     (2) 

for normal incident. If , Equation (2) becomes negative, which is attributed with a phase 
change by 180°. The same change of phase happens when the surface is not perpendicular to the 
beam, but since mode conversion is involved the equation gets more complicated. A wave that 
encounters a corner will be reflected twice, as opposed to a wave originating from a defect or other 
flat reflectors that has been reflected ones, see Figure 2. Accordingly the corner reflection will 
change the phase by 360° which is a 180° difference compared to a single reflection. Because of this, 



 

 

it will be possible to find echoes that originate from 90° corners using only the phase of the received 
ultrasound signal.  

  
a) Sound wave reflecting from a 90° corner. b) Sound wave reflected from a side drilled 

hole. 
Figure 2: A sound wave reflected at a 90° corner returns after two reflections. A is the probe and B the 
calibration block (a). A wave reflects from a side drilled hole, or a flats surface, with only one 
reflection (b).  

The ultrasound signal that is sampled by the receiver contains not only the fundamental frequency of 
the transmitted pulse but also frequencies covering the whole spectra up to the limit set by the 
response profile of the detector. The signal can be seen as a phase modulated signal overlaid with 
noise and the problem is reduced to demodulating the signal in order to acquire the phase. Given a 
transmitted harmonic signal with centre frequency , the received signal  may then be 
expressed as 

,    (3) 

where  is the discrete time,  is the time varying amplitude,  is the time varying phase 
and  is additive noise. The discrete time is 

,       
      (4) 

       

where,  is the sampling interval,  the number of samples and  is the total sample time. The 
phase term, , will give rise to a spread of the central frequency in the Fourier domain and the 
noise term, , is assumed to contribute to all frequencies with an unknown amount. 

For our purposes it is necessary to separate the phase  from the other terms in Equation (3). 
Determining the variation of the phase of a harmonic signal is a problem that has been studied 
extensively for dealing with phase modulated signals [6]. It involves moving the carrier frequency 
towards the zero frequency in order to remove the oscillations, and thereby making it possible to 
directly measure the phase change. Here we will deal with the demodulation by directly shifting the 
frequency in the Fourier domain.  

The discrete Fourier transform of the wave in Equation (3) is described by 



 

 

.    (5) 

To remove lower frequencies, a high pass filter is used, as is shown In Figure 3. 

 

Figure 3: Fourier transform of the signal and the high pass filter. 

All frequencies higher than the fundamental frequency  are thereby kept intact, since they can 
contain information about the phase shift. The filter used is a high pass brick-wall filter implemented 
as a multiplication with a Heaviside function, , 

.    (6) 

The filtered Fourier signal is shifted in the frequency plane in order to get the central frequency at 
origin and to sort out the phase term, 

.     (7) 

The inverse Fourier transform of the frequency shifted signal  returns the signal to discrete 
time, 

,    (8) 

which will give a complex signal. The phase can then be acquired by calculating the argument of the 
complex values, 

.     (9) 

 is a combination of the phase of the signal,  and a noise term  that is due to the 
noise  in the original signal.  gives the phase variations from the central frequency  of 
the original signal  as a function of time and can be plotted in a similar way as the original 
signal, as a function of time or distance. 



 

 

3. Experiment
The experimental setup is shown in Figure 4; A is the probe, B is a steel calibration block,  is the 
thickness of the block and  is the beam angle. The probe is part of a phased array ultrasound system 
that was used to acquire signals to evaluate the method. The equipment used was a Phasor XS from 
GE Inspection Technologies with a sound frequency of 4 MHz from a 16 element probe, angled at 
36°. The system where set up without focusing and with the beam scanning from to 

 with a 0.5° step. The steel calibration block had a thickness of mm and the front of 
the probe was located 31 mm from the edge. The distance  depends on the distance between the 
front of the probe and the edge, the size of the edge and the angle of the beam. 

 

Figure 4: Experimental setup for evaluating the method presented above, A is the probe,  the lateral 
distance from where the beam enters the material to the corner,  the beam angle and  the 
thickness of the calibration block, B. 

Using the measures from Figure 4, Equation (1) can be re-written as 

.    (10) 

The signal was recorded for a time corresponding to the distance from the surface to the bottom of 
the test block for the sound wave at and was sampled with 512 samples per scan angle. This 
gave a sample rate of just over 16 MHz or about 4 samples per wavelength at the central frequency. 
The phase was calculated using equation (9) for each angle individually, resulting in a 2D image of the 
phase. 

4. Results 
In Figure 5, both the amplitude and the phase from the 50° beam are shown. It can be seen that the 
phase of the wave changes by 180° where the amplitude of the signal increases due to the corner 
echo. Because of the low sample rate, and thereby a loss of the higher frequencies in the signal, the 
phase jump is less well defined and contains ripple at the transition, known as Gibbs phenomenon. 
The spread of the corner location can be compared for the total width of the amplitude variation or 
the phase jump. Figure 5 indicate the width of the phase jump to be 0.9 mm, see Figure 5b, 
compared to 1.9 mm for the amplitude, see Figure 5a. The difference between the width of the 
indication for the amplitude and phase is more than 50%, which shows that there is a potential that 
the phase can be used to better locate corners. The width of the amplitude variation is defined as the 
distance from 10% of total amplitude until it is back at 10% again. The width of the phase jump is 
defined as the rise time from 10% to 90% of the total 180°. The middle point in the phase shift is 
located at a distance of 42.44 mm in the beam direction, which is near the peak in the amplitude plot 
at 42.35 mm. 



 

 

   
a) b) 

Figure 5: Comparison between the amplitude response (a) and the phase response (b) of a wave being 
reflected at a corner. The dotted lines show the start and stop of the signal, indicating the width of 
the corner location as being 1.9 mm in the amplitude map and 0.9 mm in the phase map. 

If the whole set of angles in the phased array image are processed (using the same parameters), a 2-
dimensional map of the scanned region is acquired as in Figure 6 (shown together with the amplitude 
for comparison). The location of the corner is seen as a sharp line in Figure 6b, where the phase is 
changed by 180°. In some areas the phase passes the upper or lower limit of ±180° and is therefore 
wrapped by 360°. In other regions the phase quickly changes by 360° back to the same value as 
before, typical for a signal with low signal to noise ratio. 

 
a)  

 
b) 

Figure 6: Comparison of the amplitude and phase for all angles of the phased array ultrasound. a) 
Amplitude. b) Calculated phase map. 

5. Conclusions and discussion 
A method for locating a 90° corner from an ultrasound echo utilizing the phase of the signal was 
presented and tested using a phased array ultrasound system. By studying the phase of the reflected 
wave it is possible to detect reflections from corners and to sort them out from other types of 
reflections. The results also show that the signal response from the phase image gives a more clearly 
defined response from the corner than the amplitude signal, and the width of the indication was 
reduced by 50%. By using the phase instead of the amplitude the reliability is be improved because 
reflections other than from corners will differ by 180°. The sampling frequency of the ultrasound 
system will affect the width of the phase jump. The loss of higher frequencies in the signal will result 
in a more reclined step and will add ripples before and after the step.  

Phase change due 
to corner 



 

 

Phase images often contain areas where the phase is wrapped by 360°. This happens when the phase 
reaches the maximum or minimum value of ±180° and can be corrected using one of several 
available unwrapping algorithms. We have chosen to avoid doing that and present un-manipulated 
data in this paper. 

In Figure 6b it can be seen that the phase for the larger angles are offset compared to the smaller 
angles by about 180°. This is most likely due to the large angle causing the twice reflected beam to 
miss the transducer because of a large lateral shift as described by Equation 10. The signal will 
thereby only contain sound scattered from the first reflection. This effect can also be seen in the 
amplitude plot in Figure 6a where the reflection from the corner is not visible at those angles. With 
the experimental setup used here and shown in Figure 4, the 70° beam can be calculated to miss the 
probe by 78mm using Equation 10. 

The spectrum in Figure 3 shows a second peak at about 6.5 MHz. This peak is most likely a second 
harmonics from the probe (at 8 MHz) that has been cut off by a conditioning filter when the signal 
was being sampled. Since these frequencies originate from the same place as the fundamental 
frequencies they contain the same sort of information. If they are removed from the spectrum using 
a hamming filter around the fundamental frequency the resulting phase signal will be smoother but 
the phase jump less distinct. 

Finally a small discussion about the choice of filter used to extract the phase information of interest. 
The objective of the filter should be to isolate the interesting phase information. Extracting the phase 
by turning it to an analytical signal by cancelling the negative components in the spectral domain is a 
standard technique used in many applications. Removal of an uninteresting carrier frequency by a 
spectral shift is likewise standard procedure. When it comes to the problem to pick out the 
interesting phase signal that highlights the sudden jump in phase, however, the choice in approach is 
not that obvious. One approach is to filter out the peak seen in Figure 3 around the fundamental 
frequency 4 MHz using a Hamming window to reduce edge effects. Then in principle the original 
signal would have been recovered on analytical form. This approach, however, turned out to be less 
successful. Best result was obtained with the simple brick-wall filter shown in Figure 3. Any 
approaches to smoothening out the sharp edges resulted in less distinct results. One way of 
explaining the success of this particular choice of filter to detect sudden phase jumps in a signal is to 
compare it with phase contrast techniques used in optics. In the technique known as Schlieren, for 
example, almost half of the spatial spectrum is cancelled by blocking it in the Fourier space of the 
imaging system. The same effect is obtained here by putting a sharp filter at the carrier frequency. 
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